Doxil, a liposomal formulation of the chemotherapeutic drug doxorubicin, is FDA-approved for multiple indications. Doxil liposomes are designed to retain doxorubicin in circulation, minimize clearance by the mononuclear phagocyte system, and limit uptake in healthy tissue. Although pharmacokinetic data and survival statistics from clinical trials provide insight into distribution and efficacy, many details of the mechanism of action remain unresolved, despite the importance in translating liposome-based drug delivery systems to other molecules and cargo. Therefore, the objective of this study is to quantitatively assess the kinetics of doxorubicin leakage from Doxil liposomes. In contrast to previous studies, we consider three processes: dissolution of solid doxorubicin, protonation/deprotonation of soluble doxorubicin, and passive transport of neutral doxorubicin across the lipid bilayer of the liposomes. Experiments were performed for Doxil, Doxil-like liposomes, and Doxillike liposomes with reduced cholesterol and pegylation. To mimic physiological conditions, we also performed experiments in serum and under slightly acidic conditions at pH 5. We show that crystalline doxorubicin dissolution can be described by a first order rate constant of 1.0 × 10 − 9 cm s − 1 at 37°C. Doxorubicin leakage can be described by first order rate constant for transport across the lipid bilayer with values in the range from 1 to 3 × 10 − 12 cm s − 1 at 37°C. Based on these results we discuss implications for the mechanism of action, taking Doxil pharmacokinetics into account.
Introduction
Doxil is a liposomal formulation of doxorubicin [1, 2] that was FDAapproved in 1995 and has been subsequently approved for other indications including ovarian cancer and multiple myeloma. Doxil liposomes are about 100 nm in diameter and encapsulate 10,000-15,000 doxorubicin molecules [3] . PEGylation of the liposomes results in long circulation half-time, small distribution volume, low clearance rate, and high area under the curve [3] . While Doxil liposomes are designed to retain doxorubicin in circulation, surprisingly little is known about the leakage kinetics of doxorubicin or other drugs [2] . Similarly, the mechanism by which doxorubicin enters target cells within a solid tumor is not well understood [2] .
There have been relatively few studies of the transport of doxorubicin or other drugs out of liposomes [4] [5] [6] . Most of these studies report the fraction of drug leaked out in a specific time. For example, depending on liposome composition, the loss of doxorubicin ranges from no detectable leakage over 24 h (HSPC:CHOL:mPEG2000-DSPE liposomes (2:1:0.1 mole ratio)) [6] to 40% leakage in 60 min (egg PC:cholesterol (1:1)) [5] . While these studies provide useful comparisons, they do not provide insight into the kinetics of transport of doxorubicin. Therefore, the objective of this study is to quantitatively assess the kinetics of doxorubicin transport from Doxil liposomes. We consider three processes: dissolution of solid doxorubicin, protonation/ deprotonation of soluble doxorubicin, and passive transport of neutral doxorubicin across the lipid bilayer of the liposomes. We first determine the rate constant for dissolution of solid doxorubicin and then determine the rate constant for doxorubicin leakage from liposomes. These quantitative data provide a foundation for modeling drug distribution and bioavailability. 
Materials and methods

Reagents
Doxil (liposomal doxorubicin) was purchased from Avanti Polar Lipids (LipoCure). To prepare Doxil-like liposomes, hydrogenated soybean phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPEmPEG2k), and cholesterol were purchased from Avanti Polar Lipids. HEPES buffer, PBS, sodium chloride, ammonium sulfate, doxorubicin HCl, and Sepharose CL-4B were purchased from Sigma-Aldrich.
Crystalline doxorubicin sulfate dissolution
Doxorubicin dissolution was characterized by measuring the concentration of doxorubicin in the solution (see Supplemental Fig. S1 ). Briefly, doxorubicin crystals were formed by slowly pipetting 50 μL of a 5 mg mL − 1 solution of doxorubicin HCl (Sigma) into 800 μL of a solution containing 10 mM HEPES, 140 mM NaCl, 300 mM ammonium sulfate in a microcentrifuge tube. This solution mimics the solution used for remote loading doxorubicin into liposomes [7] . The solution was left to crystallize for 30 min in the dark at room temperature. Dissolution experiments were performed by removing the supernatant and replacing it with 800 μL of 300 mM ammonium sulfate solution preincubated to 4, 25, or 37°C. At the prescribed time points, 400 μL of the ammonium sulfate solution were removed for absorbance measurement, and then replaced in the tube. The concentration of doxorubicin in solution was determined from the absorbance using a calibration curve obtained from known concentrations. The saturation concentration was obtained by allowing the crystals and solution to equilibrate at the given temperature over the course of several days. Volumes and amounts were optimized for UV-vis absorbance measurements.
Liposome leakage
Doxil-like liposomes were formed from 90 mol% HSPC and 10 mol % DSPE-PEG2k, with an approximately 1:1 ratio of lipids to cholesterol. 191 μL of 25 mg mL − 1 HSPC, 63 μL of 25 mg mL − 1 cholesterol, and 63 μL of 25 mg mL − 1 DSPE-PEG2k were added to a glass vial. The lipids were then dried to a lipid film under a constant stream of argon and dried under vacuum overnight. The next day, 0.5 mL of 300 mM ammonium sulfate solution was added to the vial containing the lipid film, which then underwent 10 freeze-thaw cycles between liquid nitrogen and room temperature water. The resulting solution was mechanically extruded 10 times through a 100 nm filter. The liposomes were then purified by size exclusion chromatography using a Sepharose CL-4B column equilibrated in HEPES buffered saline. Liposomes containing ammonium sulfate solution were then incubated with 200 μL of 5 mg mL − 1 doxorubicin HCl at 4°C overnight. Six days later, free liposomes were transferred to PBS solution (pH = 7.4) via use of a Sepharose CL-4B column. Doxil-like liposomes with 75% cholesterol were prepared using 47.25 μL cholesterol, otherwise the preparation was the same. For further tests of leakage conditions, leakage was also assessed for liposomes with approximately 50% of the standard amount of PEG, and for standard liposomes diluted in 50% serum or PBS pHadjusted to a pH of approximately 5, both of which were tested to mimic conditions in a tumor environment. All of these liposomes were prepared according to the methods described above. All liposomes were characterized by dynamic light scattering (DLS) using a Malvern Zetasizer. Doxorubicin leakage was determined by measuring the concentration of doxorubicin remaining in the liposomes (see Supplemental Fig.  S2 ). Following transfer of the liposomes into PBS solution (a total solution volume of 3 mL), 150 μL of liposome solution (both Doxil, and Doxil-like liposomes) was removed at every time point and separated from free doxorubicin using a Zeba filter (Fisher Scientific) equilibrated in PBS. The Zeba filters were centrifuged five times (3 times at 1500g for 1 min, and 2 times at 1500g for 2 min) and the liposome band was collected separately from the free doxorubicin that had leaked out. The amount of Doxil remaining in the liposomes was then determined from the absorbance at 500 nm and previously determined calibration curves. In control experiments, we also determined the amount of Doxil in isolated liposomes after rupturing the liposomes. Since there was no difference in the measured amount of Doxil, all absorbance measurements were performed on intact liposomes.
Results
Doxil liposomes contain doxorubicin in the solid and liquid phases. In addition, doxorubicin can be ionized at low pH (pK a = 8.3). Therefore, the release of doxorubicin from liposomes involves three processes: dissolution of the solid doxorubicin crystal, protonation/ deprotonation of the soluble doxorubicin, and passive transport of neutral doxorubicin across the lipid bilayer of the liposomes (Fig. 1 ). Here we report on the kinetics of dissolution of solid doxorubicin and the kinetics of leakage of neutral doxorubicin in solution from liposomes. We assess the leakage kinetics in Doxil and Doxil-like liposomes. To assess the role of cholesterol, we assessed leakage in Doxil-like liposomes with 75% cholesterol.
Dissolution of solid doxorubicin
The dissolution of solid doxorubicin sulfate was studied at 4°C, the temperature at which it is stored, 25°C, the temperature at which it is handled in the clinic, and 37°C, the temperature at which it is administered. On removing the supernatant from the solution containing the doxorubicin crystals and replacing it with ammonium sulfate solution, the doxorubicin concentration in solution increased with time until equilibration at the solubility limit (Figs. 2A-C). The solubility limit was dependent on temperature, increasing from 0.12 mM at 4°C to 0.4 mM at 37°C. These values are consistent with reported values of the solubility of doxorubicin sulfate in water of around 0.2 mg mL − 1 (0.34 mM) at pH 7 and 20°C [7] . Doxorubicin dissolution can be represented by the equilibrium D crys ↔ D lip where D crys and D lip denote doxorubicin in the solid and liquid phases, respectively. To analyze doxorubicin dissolution, we assume that dissolution and precipitation can be described by the first order rate constant, k d . From integration of the rate equations (see Supplemental information, Section 1), we obtain:
where c lip is the concentration of doxorubicin in the liquid phase, c sat is 
Replotting the dissolution curves as log((c sat -c lip ) / c sat ) versus time ( Fig. 2D-F) shows a linear dependence for the three different temperatures, verifying first order kinetics. From the slopes of the plots we can calculate the dissolution rate constant, k d , which is in the range from 5 × 10 − 5 s − 1 at 4°C to 6 × 10 − 4 s − 1 at 37°C. To compare this to rate constants we might expect for membrane permeability, we can convert this value to cm s − 1 using liposome geometry. We then calculate that at 37°C, the rate constant for dissolution is 1.0 × 10
. An Arrhenius plot of the rate constants is linear (Fig. 2H) , confirming that the dissolution process is thermally activated, and from which we calculate an activation energy of 44.6 kJ mol ) in distilled deionized water [8] .
Liposome leakage
Having determined the rate constant for dissolution of solid doxorubicin, we next assess the kinetics of leakage across the liposome membrane. To determine the rate constant for leakage, we measured the amount of doxorubicin remaining in the liposomes for up to two weeks. Before leakage experiments, liposomes were characterized by DLS and zeta potential (at 37°C). Commercial Doxil liposomes had a Zaverage size of 75 nm and a polydispersity index (PDI) of 0.18, while all synthesized Doxil-like liposomes had a Z-average of approximately 140 nm, with a PDI of 0.18. No significant differences in size were observed between batches. The zeta potential for the commercial liposomes was −5 mV, and for synthesized liposomes was about − 20 mV.
Representative plots show a progressive increase in the amount of doxorubicin leaked out, up to 20-30% over two weeks (Fig. 3A-C) . The amount lost is greatest for the Doxil liposomes and slightly lower for the Doxil-like liposomes (Fig. 3A, B) . Decreasing the amount of cholesterol in the liposomes, results in a further small increase in the amount leaked out (Fig. 3C) .
To quantitatively analyze the leakage kinetics (Fig. 3A-C) , we assume that transport across the lipid bilayer is described by the first order rate constant, k m (see Supplementary information, Section 3). Since dissolution of solid doxorubicin is much faster than transport across the lipid bilayer (verified below), we assume that in the liposome, the crystal and free doxorubicin are in equilibrium. Therefore, the concentration in the aqueous core is assumed to be the saturation concentration, ≈ 0.4 mM at 37°C. This assumption is reasonable as long as any solid doxorubicin remains in the liposome.
Doxorubicin is a weakly basic molecule with a pK a of 8.3 [9] and hence neutral doxorubicin (D 0 ) becomes protonated (D + ) in neutral or weakly acidic environments. Although neutral doxorubicin can passively diffuse across cell membranes, protonated doxorubicin has extremely low permeability due to the excess charge [10] . At the pH inside the liposomes (pH = 7), 22% of the doxorubicin is in the neutral state and available for transport.
At the start of the experiments, the liposomes are isolated and transferred to PBS so that the concentration of doxorubicin in solution (outside the liposomes) is initially zero. The leakage of neutral doxorubicin across the lipid bilayer (see Supplementary information, Section 3) can be written as:
where C out is the concentration that has leaked out of the liposomes, N T is the total amount of doxorubicin, V out is the volume of liquid outside each liposome, A is the surface area of a liposome, t is time, V in is the volume inside the liposome, and k m is the leakage rate constant.
The fractional amount of doxorubicin leaked out of the liposomes as a function of time was fit to Eq. (3) using a linear least squares method (Figs. 3D-F extrusion conditions, and slight differences in yield, leading to differences in the ratio between liposome volume and solution volume. , which is not statistically significant from Doxil-like liposomes.
To assess the influence of the solution in which the liposomes are suspended, we performed experiments to determine the rate constant for doxorubicin leakage in 50% serum (Fig. 4A ) and buffer at pH 5 (Fig. 4B) . The rate constant for the Doxil-like liposomes in 50% serum was 2.82 ± 0.73 × 10 − 12 cm s Finally, to test the role of DSPE-PEG on doxorubicin leakage, we performed experiments on Doxil-like liposomes in pH 7.4 buffer with half the standard amount of PEG (Fig. 4C) . The leakage rate constant was 1.0 ± 0.35 × 10 − 12 cm s − 1 , not statistically different from the Doxil-like liposomes with the standard PEG concentration. These rate constants are compared in Fig. 5 .
Discussion
Although Doxil has been FDA-approved for multiple indications, several questions remain over the mechanism of action [11] . Here we focus on the kinetics of doxorubicin leakage from Doxil liposomes. Previous studies reported the amount of doxorubicin leaked out of liposomes at one or two time points, and hence provide useful comparisons, but do not provide details of the kinetics [4] [5] [6] . Here we consider three processes: doxorubicin dissolution, ionization, and transport across the liposome lipid bilayer.
The two most important design features of Doxil are the ability to load a large number of drug molecules and the long circulation halftime [1] . Sequestration of doxorubicin in liposomes minimizes the concentration of free drug in circulation, thereby minimizing the adverse side effects associated with uptake in healthy tissue [3, 12] . The long circulation half-time, compared to free drug, increases tumor accumulation by increasing the number of opportunities for extravasation from circulation [3, 12] . Doxorubicin loading in liposomes results in supersaturation and precipitation of solid doxorubicin sulfate. The average concentration doxorubicin in Doxil liposomes (solid and liquid phases) is about 50 mM, larger than the concentration that can be achieved by passive loading, which is limited by the solubility limit of doxorubicin HCl in water (10 mg mL − 1 or about 20 mM) [1] . At 37°C, the rate constant for dissolution of solid doxorubicin sulfate k d was 6 × 10 − 4 s − 1 , which is equivalent to 1 × 10 − 9 cm s − 1 when taking into account liposome geometry. This is three orders of magnitude faster than the calculated leakage rate constant of about 10 − 12 cm s − 1
. Therefore, the kinetics of leakage are dominated by the rate constant for transport across the liposome bilayer and the pK a .
Doxil liposomes are optimized for stability and hence the ability to test how changes in the amount of DSPE-PEG or cholesterol is limited to a relatively narrow range. In all cases, we verified that the liposomes maintained colloidal stability during the leakage experiments. We also confirmed that there was no measurable leakage of doxorubicin during storage at 4°C.
Here we show that doxorubicin leakage from liposomes can be modeled using a first order rate constant for transport across the lipid bilayer with k m = 1-3 × 10 − 12 cm s
. In studies of passive diffusion of various molecules across red blood cells or lipid vesicles, a linear relationship was found between molecular weight and permeability [13] . Based on the molecular weight for doxorubicin, the value for k m predicted by this relationship is close to the experimental value reported here [13] . A rate constant of 1 × 10 − 12 cm s − 1 corresponds to around 2% leakage over 24 h, or 10-15% leakage over 10 days.
To assess whether the local microenvironment influences leakage kinetics, we performed experiments with synthesized Doxil-like liposomes in 50% serum to mimic circulation, and in pH 5 buffer to mimic the slightly acidic tumor microenvironment. The rate constants for leakage under these conditions were around 3 × 10 − 12 cm s
, approximately 2-fold larger than in pH 7.4 buffer. This rate constant corresponds to loss of 5% over 24 h, or around 30% leakage over 10 days. The presence of serum in the solution has been shown to increase leakage of calcein from liposomes prepared from either egg PC, DPPC, or DSPC, an effect attributed to membrane destabilization due to serum phospholipid exchange [14] . Under acidic conditions doxorubicin becomes progressively protonated, reducing the concentration of the neutral molecule. Therefore, the driving force for leakage increases with decreasing pH [15] .
The amount of DSPE-PEG (10%) in Doxil-like liposomes, is around 5000 PEG groups per liposome. To assess whether the PEG groups influence leakage, we performed experiments with half the DSPE-PEG concentration, but found no difference in rate constant. These results imply that the PEG groups do not influence leakage. Since liposomes with lower concentrations of DSPE-PEG have relatively poor stability, we did not study lower concentrations.
The extremely slow leakage profile has several implications for the mechanism of action of Doxil, which remains unknown [11] . First, we consider leakage of the free drug into circulation. From the leakage kinetics it is evident that Doxil is not a reservoir for release of doxorubicin in circulation. Following administration of a typical dose of Doxil (100 mg) the average concentration in circulation during the first 24 h is about 15 mg L − 1 (75 mg) [1] . From this concentration and the rate constant k m , we calculate that only 3% of the doxorubicin (about 2 mg) will leak into circulation within the first 24 h post-injection [1] . This is consistent with the dogma that most doxorubicin in circulation is contained with the liposomes. Next, we consider leakage of doxorubicin from liposomes accumulated in a solid tumor. The relatively long circulation half-time of PEGylated liposomes, typically 1-4 days, results in a tumor accumulation of up to 0.1-1% ID g − 1 tumor [12] . For a typical 100 mg dose of Doxil, a tumor accumulation of 0.1-1% corresponds to 10 13 -10 14 liposomes (for a 1 g tumor). Since the leakage rate from the liposomes is very slow, this implies that the mechanism of action is not due to slow release of doxorubicin once liposomes accumulate in the tumor. Accumulation of 10 13 liposomes would result in leakage of only about 3 μg over 24 h post-injection. Even if we assume a 2-fold increase in leakage in serum and at pH 5, we still expect a small difference in accumulated doxorubicin, up to 6 μg of leaked doxorubicin over 24 h post-injection. Therefore, the mechanism of action of Doxil is expected to involve uptake of liposomes, possibly by endocytosis, as suggested in the literature [11] . In comparison to Doxil, it has been estimated that the tumor accumulation of free doxorubicin 24 h post-injection is around 0.02% ID g − 1 tumor, which for a single 100 mg dose, corresponds to a tumor accumulation of approximately 20 μg over 24 h. This is almost 10-fold larger than the estimate of 3 μg leaked into the tumor from Doxil liposomes. A 1 cm tumor contains approximately 10 9 cells [16] , therefore, the number of liposomes accumulating in the tumor is far in excess of the number of tumor cells. Intravital microscopy studies in mouse models show extravasation of liposomes and other nanoparticles with diameters up to around 500 nm due to the enhanced permeability and retention effect [17] . However, the diffusion rate of Doxil into the tumor is expected to be very slow, certainly much slower than for a small molecule such as doxorubicin [18] . The penetration depth of free doxorubicin was found to be about 50 μm in a mouse xenograft model [19] . Therefore, it is the tumor cells closer to the vasculature that will initially take up Doxil liposomes. ) [20] . Therefore, uptake of only a small number of liposomes would be sufficient to induce cell death. In this scenario, even though the number of liposomes extravasating from circulation is much larger than the total number of cells, cell death is induced only in cells that are close to the vasculature. Exposure of cells deeper into the tumor can occur by two mechanisms: (1) apoptosis of tumor cells close to the vasculature allowing uptake of Doxil liposomes by underlying cells, or (2) apoptosis of tumor cells close to the vasculature releasing the relatively large concentration of free doxorubicin within the cytosol. More recent work implies increased leakage at the tumor site due to an increase in ammonia in the tumor microenvironment [21] .
Although the mechanism of action of Doxil remains unknown, its efficacy is unquestionable. Quantifying the kinetics of leakage of doxorubicin provides some important insight onto the mechanism of action. More experiments are required to definitively identify the drug release mechanism at work. This analysis lends some support to the cascading layers of cell death hypothesis posited above.
Conclusion
Liposomal formulations of doxorubicin have many advantages over free drug administration, including reduction of the necessary dose and the debilitating side effects, such as cardiotoxicity. Although it has been used routinely in the clinic for many years since its FDA-approval in 1995, and has been known to be effective for patients suffering from various cancers with solid tumors, its mechanism of action remains unknown. Here, we quantified liposome drug delivery parameters including drug availability and leakage of doxorubicin across a PEGylated liposome. This analysis yielded extremely low permeability values on the order of 10 − 12 cm s − 1
, consistent with literature for other liposome compositions [13] . This extremely slow availability of passively diffusing drug leads us to several possibilities when it comes to the possible mechanism of action of Doxil, effectively eliminating any processes that may be based in leakage alone for drug availability. Instead, it is far more likely that Doxil is endocytosed, releasing drug into the tumor when the cells nearest to the vasculature die.
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